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Abstract

When producing metal-oxide nanoparticles via flame spray pyrolysis, precursor-laden droplets are ignited and undergo
thermally induced disintegration, called ‘puffing’ and ‘micro-explosion’. In a manner that is not fully understood, these pro-
cesses are associated with the formation of dispersed phases inside the droplets. This work aims at visualizing the interior
of precursor-laden burning single droplets via diffuse back illumination and microscopic high-speed imaging. Solutions
containing iron(IlI) nitrate nonahydrate (INN) and tin(II) 2-ethylhexanoate (Sn-EH) were dispersed into single droplets
of sub-100 pm diameter that were ignited by passing through a heated coil. At low precursor concentration, 50% of the
INN-laden droplets indicate a gas bubble of about 5 pm diameter in the center of the droplet. The bubble persists for sev-
eral hundred microseconds at a similar size. In almost all of these cases, the bubble expands at some point and the droplet
ends up in a micro-explosion. In some of these instances, the droplet’s surface shows spatial brightness modulations, i.e.,
surface undulations, indicating the formation of a viscous shell. With increasing INN concentration, the fraction of droplets
showing surface undulations, gas bubbles, and micro-explosions drastically decreases. This may be associated with a more
rigid viscous shell and reduced mobility of bubbles. Bright incandescent streaks originating from the disrupting INN-laden
droplets, may indicate sub-micrometer droplets or particles from within the droplets or formed in the gas phase. In contrast,
Sn-EH-laden droplets show very fast disruptions, typically less than 10 ps from first visible deformation to ejection of sec-
ondary droplets. Bubbles and surface undulations were not observed.
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1 Introduction

Flame spray pyrolysis (FSP) enables the one-step produc-
tion of functional metal-oxide nanoparticles from inex-
pensive and low-volatility precursors, such as metal salts
dissolved in combustible liquid solvents (Teoh et al. 2010).
After ignition, the precursor-laden droplets were found to
undergo frequent thermally induced disintegration, i.e.,
‘puffing’ and ‘micro-explosion’. Puffing describes the local
breakup of the droplet with the ejection of liquid fragments
and vapor. Micro-explosion is the disintegration of the entire
droplet into small fragments. Such droplet disruptions occur
shortly after ignition (on the order of a few milliseconds)
and enhance the mass transfer of the precursor into the gas
phase, which is crucial for the synthesis of homogeneous
nanoparticles (gas-to-particle process). However, depend-
ing on the composition of the precursor solution, part of the
precursor might also precipitate in the liquid, causing large
hollow particles or fragments to appear (droplet-to-parti-
cle process) in addition to the much smaller nanoparticles
formed by the gas-to-particle process (Narasu et al. 2021;
Rosebrock et al. 2016).

The underlying driver of these droplet disruptions is pref-
erential evaporation of volatile components from the droplet
surface. This results in an accumulation of low-volatility
components on the droplet surface, heating up and finally
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superheating the remaining high-volatility solvent in the
droplet’s interior (Rosebrock et al. 2013). This results in
local boiling, bubble growth, and eventually droplet breakup.
Precipitates inside the droplet facilitate bubble nucleation,
and the accumulation of solid particles at the surface further
increases the viscosity and the boiling point of the droplet
surface (Lasheras et al. 1980; Wornat et al. 1994).

Recent shadowgraphy visualizations show this disrup-
tion in single-droplet experiments (Li et al. 2017; Rose-
brock et al. 2013, 2016; Witte and Madler 2023) and FSP
(Jiingst et al. 2023, 2022; Stodt et al. 2021). The droplets
sometimes greatly expand via the growth of an internal gas
bubble before breakup. However, the onset of the bubble
as well as its spatio-temporal dynamics before breakup are
unknown, since classical droplet shadowgraphy suffers from
strong refraction of the near-parallel incident light and there-
fore inhibits complete and high-contrast visualization of the
droplet’s interior.

Diffuse back illumination enables homogeneous illumi-
nation and thus imaging of the interior of single droplets,
e.g., (Jagadale et al. 2024; Rossell6 et al. 2023; Stumpf et al.
2022). Red-colored water droplets impacted onto a layer of
silicone oil and generated secondary droplets containing the
two immiscible components. The volume fraction of the two
liquid components was then extracted from color images
(Stumpf et al. 2022). In another experiment, a laser pulse
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was focused into a millimeter-sized water droplet, result-
ing in local superheating and bubble nucleation and growth.
Besides the gas bubble, jetting and surface deformations
were visible (Rossell6 et al. 2023).

Puffing and micro-explosions were also observed in drop-
lets of ‘nanofuels’, combustible liquids to which nanopar-
ticles are added (Basu and Miglani 2016). In such droplets,
particles agglomerating and forming a surface shell can
cause droplet disruption (Gan and Qiao 2011; Miglani and
Basu 2015; Mosadegh et al. 2022; Mosadegh and Kheir-
khah 2022; Ojha et al. 2018; Pandey et al. 2017; Wang et al.
2019). Throughout combustion, bubbles formed at various
sites inside the droplet perturbed the droplet surface locally
and lead to the ejection of secondary droplets and particles
(Gan and Qiao 2011; Miglani and Basu 2015; Mosadegh
and Kheirkhah 2022; Pandey et al. 2017; Wang et al. 2019).
Ejected particles were heated in the droplet’s enveloping
flame and occasionally appeared as bright streaks in the
images (Basu and Miglani 2016; Gan and Qiao 2011).
Also, single large aggregates were seen inside the droplets
(Mosadegh et al. 2022; Mosadegh and Kheirkhah 2022;
Ojha et al. 2018).

Gel fuels (Miglani et al. 2016, 2017; Sharma et al.
2022)—a mixture of a base fuel and a gellant—as well as
emulsified fuels (Kumar et al. 2023; Shinjo et al. 2014) also
show bubble formation and thermally induced breakup. Gel
fuels show the characteristic formation of a structured shell
surrounding the droplets, with the liquid fuel embedded in
a particle matrix made up by the gellant. This is associated
with the accumulation of the viscous gellant and the prefer-
ential evaporation of the base fuel. Organic gellants tend to
form a layer on the surface that behaves like a liquid when
heated; while, inorganic gellants form a more rigid solid
crust (Solomon et al. 2009). Analogous to nanofuel droplets,
the gellant crust then traps bubbles within the droplet until
the crust bursts by internal pressure build-up or by bubbles
nucleating near the crust and perturbing it. Visually, the
crust itself appears as brightness modulations that suggest
waviness or roughness (Miglani et al. 2016, 2017; Sharma
et al. 2022). High gellant loading is thought to aid in the for-
mation of a more rigid surface shell, inhibiting large volume
increases (Miglani et al. 2017).

In FSP, precursors and solvents form a solution. In this
work, iron (III) nitrate nonahydrate (INN, solid) and tin(IT)
2-ethylhexanoate (Sn-EH, liquid) were used as precursors
for the synthesis of iron oxide and tin oxide nanoparticles,
respectively. INN was dissolved in a mixture of ethanol
(EtOH) and 2-ethylhexanoic acid (EHA), and Sn-EH in
xylene. EHA and Sn-EH are, among other things, com-
mercially used as gelling agents. Recent works propose the
precipitation of iron hydroxide nanoparticles in INN-laden
droplets due to precursor decomposition (Skenderovic et al.
2023).

The goal of this work was to investigate the, so far experi-
mentally unknown, role and manner of the many potentially
occurring phase changes in droplet disruption of precur-
sor—solvent systems. To this end, we visualized the interior
of burning single precursor-laden droplets with diameters
of sub-100 pm. Trans-illumination via an optimized diffuse
back illumination, high magnification, and high frame rates
allowed observing rapid transformations such as shell for-
mation and droplet breakup, as well as small-scale phase
changes such as bubble nucleation and growth. Based on the
observed spatio-temporal manifold of features and events,
we expand the conceptual model of the phase changes lead-
ing to thermally induced droplet disruption.

2 Materials and methods

2.1 Single-droplet experiment and precursor
solutions

Figure 1 schematically illustrates the experiment. A droplet
generator (piezodropper) produced single droplets with a
diameter of 75 pm at 10 Hz repetition rate and with velocities
between 1 and 1.5 m/s. The droplets were ejected upwards
into dry co-flowing oxygen at constant and atmospheric

a) Top view

Camera with Diffuser
microscope LEDs and
objective and Burning collimating
tube lens droplet lenses
b) Side view

Heated ignition coil Droplet generator (10 Hz)

Fig. 1 Sketch of single-droplet facility and optics with a representing
the top view and b the side view
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pressure. A 1 mm diameter ignition coil heated to about
1500 K was positioned 5 mm above the droplet generator,
igniting droplets passing through the coil. The buoyancy-
induced convection accelerates the upward gas flow, but for
most of its lifetime and within the entire investigated height
interval, the droplet is faster than the co-flow. Further details
can be found in (Li et al. 2017; Witte et al. 2024).

For the investigation of INN-laden droplets, the solvent
composition was 65% EtOH and 35% EHA, with solutions
containing 0.1, 0.2, and 0.5 mol/l INN investigated. We also
investigated a solution of 0.25 mol/l of Sn-EH in xylene.
The solutions were prepared by adding the weighed amount
of precursor to the liquid solvent and shaking the sample
for at least one minute to fully dissolve the precursor. They
were then used for the experiments over the next few hours.
Stodt et al. studied the dissolution of INN in EtOH/EHA and
did not find precipitates over a much longer shelf lifetime
than relevant here (Stodt et al. 2019). Therefore, precursor
and solvent are in solution in the initial droplets. The result-
ing powders were not collected, but previous works show
Fe;0,- and y-Fe,Os-particles for INN-laden solutions (Stodt
et al. 2019) and SnO,-particles for Sn-EH-laden solutions
(Li et al. 2020).

2.2 Optics and illumination

Two red LEDs (Nichia NCSR219B-V1), with a peak emis-
sion wavelength of 630 nm, were operated at a constant
forward voltage and positioned horizontally at an angle of
25° to the camera’s optical axis, as shown in Fig. la. An
aspheric collector lens (f=16 mm) directed the light of each
LED toward a single engineered diffuser (Thorlabs ED1-
C50, 25 mm diameter, 50°divergence angle). The distance
between the diffuser and the droplets was 5 mm. This diffuse
illumination from very close to the droplet allowed trans-
illumination imaging of almost the entire droplet interior.
The droplet shadowgraphs were imaged by a microscope
objective (Mitutoyo M Plan APO 10x) and an achromatic
tube lens (f=208 mm) onto the sensor of a high-speed cam-
era (Photron Fastcam SA-Z) with a magnification of 11 and
a projected pixel size in the object plane of 1.8 pm/pixel.
The Abbe diffraction limit was calculated to be 1.1 um;
and therefore, diffraction is less relevant to spatial resolu-
tion than pixel size. This is emphasized by measurements
of the modulation transfer function (MTF), where we found
that the pixel pitch (1.8 pm in the object plane) predomi-
nantly limits the resolution of the system and not the imag-
ing (Jiingst et al. 2022). Unless noted otherwise, the camera
was operated at 160 000 frames per second (fps) and with an
exposure time of 4.6 ps. With these acquisition parameters,
the field of view (FOV) was 0.24 x 1.38 mm wide and high,
respectively, which allowed following each droplet for about
1.1 ms in 180 frames. With respect to the ignition coil, the

@ Springer

FOV was placed at positions showing the event of interest,
typically 2-3 mm above the coil. An example raw image can
be found in the supplementary information file S1.

For each precursor/solvent mixture, at least 150 sequences
of single droplets were acquired. For the visualization of
the flame enveloping the droplet (Li 2021), the LEDs were
turned off, the exposure time was increased to 18 ps, and
the frame rate was reduced to 50 000 fps. Sizes of drop-
lets and bubbles were obtained by visual inspection of the
images. Depending on size and focus, there is an uncertainty
of 1-3 pixels, i.e., 1.8-5.4 pm concerning the diameters.
Droplets may fly through the full FOV before experiencing
any event, or move diagonally out of frame. Also, consecu-
tive puffing events sometimes move the droplets containing
a bubble out of frame, or outside the depth of field, making
interpretation of following events (micro-explosion or puff-
ing) impossible. These types of droplets are not included in
the analysis.

3 Results and discussion
3.1 INN-laden droplets

Figure 2 shows a sequence of an LED-illuminated burning
droplet containing 0.1 mol/l INN. Note that many of the
droplet features discussed in this paper are easier to recog-
nize in the ultra-slow-motion videos in the corresponding
supplementary information files, here, S2. In this sequence,
and throughout this paper, the original camera frame has
been cropped around the upward moving droplet, and local
variations in illumination brightness have been corrected as
illustrated in the supplementary information file S1. The dif-
fuse illumination results in light transmission through large
parts of the droplet. However, the edges of the droplet, par-
ticularly the top and bottom, are still darker than the center.
At 0 ps (corresponding to the instant where the droplet fully
enters the FOV), a small dark spot of about 5 pm in size is
visible in the center of the droplet. As the spot expands later
on, we can identify it as a gas bubble.

In Fig. 2, the bubble remains at constant size and near
the center for over 700 ps. At 731.25 ps, the bubble expands
slightly. In the next image, the droplet surface ruptures and
ejects liquid fragments. After that, from 737.5 to 756.25 ps,
the droplet is puffing, oscillating, and ejecting small drop-
lets and size ligaments. The puffing events are associated
with the rapid formation and ejection of gas bubbles at
various sites near the droplet surface (Shinjo et al. 2014).
At 800 ps, the droplet approaches a spherical shape again.
Careful inspection of the video (supplementary information
file S2) shows that, in fact, the bubble seen in this image
is the same one as in the very beginning of the sequence.
Between 837.5 and 893.75 ps, the bubble rapidly expands
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Fig.2 Micro-explosion of an EtOH/EHA droplet containing 0.1 mol/l
INN: Bubble onset, puffing, bubble growth, and micro-explosion.
Note that from 881.25 us onward the images are displayed at reduced

with a radial expansion velocity of 1.7 m/s. This is similar
to the droplet expansion velocity estimated from images of
much smaller droplets in FSP (1.6 m/s) (Jiingst et al. 2022).
This expansion causes a violent disintegration into a chain
of liquid ligaments and secondary droplets that then further
disrupt into smaller fragments between 937.5 and 993.75 ps
(indicated by the arrow). This staggered disintegration of
secondary droplets is consistent with previous observa-
tions of single droplets (Witte and Midler 2023) and in FSP
(Jiingst et al. 2023).

Under constant pressure, a phase change from liquid
to gas within the droplet is expected to result in a density
change and thus a volume expansion of the bubble (isobaric
phase change). However, the bubble remains at a constant
size for several hundred microseconds. A plausible interpre-
tation is, that at the time of bubble appearance, the droplet
has already developed a viscous surface shell that prevents
expansion, such that the pressure inside the droplet increases
as liquid evaporates (isochoric phase change). Also, Laplace
pressure — pressure due to convex curvature and surface
tension — and heating of the droplet by the flame may fur-
ther increase the bubble pressure. As the surface shell of
the droplet destabilizes and locally ruptures, e.g., Fig. 2 at
737.5 ps, the liquid phase is in pressure equilibrium with the
ambient again. Thus, the bubble can expand afterward, start-
ing at 837.5 ps, breaking up the droplet in a micro-explosion.
On average, across all sequences, the bubbles did not sys-
tematically move up against gravity. This is consistent with
an estimated buoyancy-induced velocity of about 6 um/s for

magnification, as indicated by the length scale. The images are
sequential unless three dots indicate that frames in between have been
omitted

a 10 um bubble — too slow to significantly move before dis-
ruption. As such, gravity is deemed not important in influ-
encing bubble movement.

Figure 3 shows another sequence from a droplet contain-
ing 0.1 mol/l INN. Here, the dynamics of the disruption are
different from those in Fig. 2. At 500 ps, a bubble (4-6 um
in diameter) appears in the center of the droplet. This is quite
difficult to observe in a single image but is clearly visible
in the video provided in the supplementary information file
S3. The bubble remains very small and almost undetectable
for the next several hundred microseconds. From 1075 ps
onward, the structure on the surface of the droplet increas-
ingly acquires spatial modulations in brightness. Two dark
vertical wavy stripes as well as brighter and darker spots
appear. These features — stationary with respect to the drop-
let — indicate a corrugated droplet surface, i.e., undulations.
They become more pronounced with time. The appearance
is very similar to the “crust”, a solid-liquid matrix, in gel
fuel droplets (Miglani et al. 2017). Thus, these undulations
may indicate the formation of a ‘viscous shell’ (Rosebrock
et al. 2013) composed of low-volatility liquid, potentially
with precipitates embedded (Skenderovic et al. 2023). When
the shell is most pronounced, at 1231.25 ps, the bubble
(indicated by the arrow) starts to expand almost concentri-
cally with the apparent droplet surface but initially without
surface rupture. From 1250 to 1318.75 ps, the still spheri-
cal droplet expands by a factor of 4 in diameter. The radial
expansion velocity is 1.3 m/s. Finally, beyond 1318.75 ps,
the droplet disintegrates into many small fragments.

@ Springer
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0 us 30 um 400 ps 500 ps
gl p—\l
g
1075 ps 1081.25 ps 1087.5 ps
1231.25 ys 1250 ps 1281.25 ps
50 pm
1300 ps 1318.75 ps 1337.5 s

Fig.3 Micro-explosion of an EtOH/EHA droplet containing
0.1 mol/l INN: Bubble onset, viscous shell formation, bubble growth,
and micro-explosion. Note that the field of view is larger from
1300 ps onward

Figure 4 shows a sequence of a disrupting droplet con-
taining 0.2 mol/l INN. Again, a difficult-to-observe bubble
of a constant size of about 5 pm persists for approximately
1000 ps before it ruptures the droplet. Here, the surface

0 us 30 um 443.25 631.25
Ty ., -
\A) \
756.25 793.75 887.50
- - N,
] o/
g *.
1006.25 1012.5 1018.75
-\
N ™

Fig.4 Puffing of an EtOH/EHA droplet containing 0.2 mol/l INN:
Bubble onset, puffing, and bubble ejection into the ambient
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undulations become visible at 631.25 ps and are most pro-
nounced at 756.25 ps. This is followed by a puffing event
starting at 793.75 ps. Throughout puffing, the bubble reap-
pears at 887.5 ps, drifts toward the top where it locally
expands the droplet at 1006.25 ps and eventually is ejected
into the ambient. An ejection of the bubble is observed at all
INN concentrations although most often at 0.5 mol/l.
Figure 5 shows a droplet containing 0.5 mol/l INN. Due
to the increase in the solution’s viscosity, droplets contain-
ing 0.5 mol/l INN are ejected slightly larger than those with
lower precursor concentration, having an initial diameter of
95 pm instead of 75 pm. Here, undulations do not appear
throughout the entire sequence. At 125 ps, the droplet breaks
at the bottom left, ejecting small fragments. This puffing
event is followed by several more initiating at various sites
on the droplet surface. The frequent puffing of the droplet
is thought to result from frequent bubble formation near
the droplet surface. The bubble marked with an arrow at

Ops 30pum 87.5 125 131.25
V1 P,
gl e \
N -
- e .
137.5 143.75 162.5 387.5
R
¥
481.25 493.75 506.25 806.25
812.5 818.75 912.5 937.5
50 m\ -
987.5 993.75 - 1000 1006.25
1150

1025 1049.75 1087.5

Fig.5 Repeated puffing of an EtOH/EHA droplet containing

0.5 mol/l INN: Bubble onset, puffing, and bubble ejection into the
ambient and bright spots near an exploding secondary droplet. These
droplets with 0.5 mol/l INN had an initial size of 95 pm
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0, 87.5, and 125 ps becomes fully visible at 162.5 ps and
moves to the left until 387.5 ps. It further expands and is
ejected to the left together with small fragments between
481.25 and 506.25 ps. The burning droplet continues puft-
ing, and at 937.5 ps an ejected secondary droplet becomes
visible. This secondary droplet micro-explodes and leaves
behind a region containing tiny bright spots from 1000 ps
onward. The spots survive for around 150 ps and some are
even brighter than the flame surrounding the parent droplet.
Due to their small apparent size, long lifetime, and bright
signal, these might potentially show sub-micrometer-sized
incandescent particles.

Note that this specific sequence demonstrates an excep-
tion, in that most droplets containing 0.5 mol/l INN do
not show a bubble. When they do, in contrast to droplets

@ Mixture
@ Low-volatility
@ High-volatility

50 um

Fig.6 left: Manifold of experimentally observed droplet-disruption
pathways. Roughly, the vertical dimension corresponds to time,
and the horizontal to the diversity of phenomena. The sizes of pri-
mary and secondary droplets are roughly to scale with a varia-
tion of up to+50%. right: Frequency histograms of the disruption
mode for three different INN concentrations. The x-axis classifies

Frequency / - Frequency / -

Frequency / -
o

containing 0.1 mol/l, bubbles almost never resulted in micro-
explosion but in puffing through ejection of the bubble to the
side. Surface undulation was also rarely observed at this con-
centration and was not nearly as pronounced as with 0.1 or
0.2 mol/l INN. In the following, the droplet-disruption path-
ways are illustrated, statistically analyzed, and discussed.
The left side of Fig. 6 summarizes the manifold of com-
plex events in the experimental observations of INN-laden
droplets. At the bottom (a) is a burning droplet, already
enriched with low-volatility components on the surface.
The droplet is then observed with either a bubble inside (b),
undulations on the surface (c), or puffing (e,). For a micro-
explosion to occur (path f, h), a bubble has to first emerge
(b, d, g) and expand (f). However, the appearance of a bub-
ble does not necessarily end in a micro-explosion (path g,

0.391 0.1 mol/l INN
282 droplets

0.2

0.1

0.2 mol/l INN

0.4 384 droplets

0.2 1

0
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the disruption mode into micro-explosion and puffing and what pre-
cedes the disruption: from left to right: 1. Undulations, bubble, puft-
ing; 2. Undulations and bubble; 3. Bubble and puffing; 4. Bubble;
5. Undulations and bubble; 6. Undulations; 7. Bubble; 8. No observa-
tion. Note the different y-axis scales
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i) (but for the vast majority of droplets it does, as discussed
further down). This is because the bubble is displaced to the
droplet surface before it could expand in the bulk and cause
a micro-explosion. Undulations (c, d) and puffing (e) do not
necessarily appear before a micro-explosion. If undulations
are visible (c, d), the droplet will experience puffing (path
e, j, or g, ) unless a preexisting bubble (b) causes an earlier
micro-explosion (path a, b, d, f,h). In very few cases, a bub-
ble might be observed after a puffing event (path a, c, e, g,
or a, e,g), such that a micro-explosion becomes a possible
outcome again (path g, f, h).

The right side of Fig. 6 displays frequency histograms
of the disruption pathways for three INN concentrations.
The notation on the x-axis schematically shows whether the
disruption event is classified as micro-explosion (the first
four groups), as puffing (the last four groups), and whether
it is preceded by a bubble, surface undulations, or puffing in
case of micro-explosion.

At 0.1 mol/l, more than 40% of the droplets experience
micro-explosion. Each micro-explosion is preceded by the
formation and growth of a single visible gas bubble inside
the droplet, clearly observable in our images for each INN
concentration. More than 80% of the micro-exploding drop-
lets also show surface undulations before the breakup. Puff-
ing precedes around 65% of the micro-explosions. 60% of
the droplets show solely puffing; while, 66% and 13% of
the puffing droplets show surface undulations and a bubble
beforehand, respectively.

Increasing the INN concentration in the droplets to
0.2 mol/l yields puffing only for more than 85% of the drop-
lets, and again bubbles are rarely observed, i.e., in only
13% of these events, and surface undulations on 70% of the
puffing droplets. As for 0.1 mol/l, about 80% of the micro-
explosions are preceded by surface undulations.

In total, 70% — similar to droplets containing 0.1 mol/l
INN - of the droplets containing 0.2 mol/l INN show surface
undulations and 25% show a bubble — 50% for droplets con-
taining 0.1 mol/l INN — preceding the disruption. Assuming
that undulations do not cover the entire droplet surface every
time and considering the fact that 70% of the droplets show
undulations, it is likely that each droplet develops such a
viscous shell before breakup.

For droplets containing 0.5 mol/l INN, the fraction of
puffing droplets is nearly 100%. While a bubble is seen for
15% of the puffing droplets, exemplarily shown in Fig. 5,
surface undulations appear only on 2% of the droplets. How-
ever, in most cases neither a bubble nor surface undulation
precedes puffing.

In summary, the fraction of micro-explosions and the
fraction of droplets showing gas bubbles decrease drasti-
cally with increasing INN concentration. The viscosity of
the solution increases by increasing the precursor concen-
tration, which in turn decreases the diffusivity in the liquid
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phase (Wornat et al. 1994). This also affects the mobility of
bubbles, potentially nucleating at the interface between the
low-volatility/viscous layer and the interior of the droplet.
That might hinder the transport of bubbles toward the drop-
let’s interior and cause local breakup of the droplet, i.e.,
puffing. In contrast to this, at low precursor concentration, a
single bubble may be transported to the center of the droplet
more easily, from where it can expand as the surface rup-
tures and yields a micro-explosion. This is consistent with
previous simulations (Shinjo et al. 2014), in which it appears
that whether micro-explosion or puffing occurs depends on
the position of bubble nucleation inside the droplet. If a bub-
ble nucleates in the process of viscous shell formation and
is too distant from the droplet surface to initiate puffing,
it remains at constant size in the bulk of the droplet for a
long time. During this time, the bubble pressure potentially
further increases. As soon as the surface shell is perturbed,
e.g., by a puffing event near the surface, the bubble expands
in size and fragments the entire droplet in a micro-explosion.
The probability for finding surface undulations decreases
with increasing INN concentration. This is interpreted as the
higher precursor loading yielding a more rigid shell (Miglani
et al. 2017) allowing for less deformation on the surface, i.e.,
undulations, and less expansion of the droplet by a bubble.

3.2 Sn-EH-laden droplets

Section 3.1 showed that several different disruption path-
ways appear for INN-laden droplets. In contrast to this, Sn-
EH-laden droplets show the same disruption process every
time. Note that the precursor Sn-EH is liquid. Figure 7 shows
a xylene droplet containing 0.25 mol/l Sn-EH. In these
measurements, the frame rate was increased to 480 kHz and
the exposure time reduced to 1.1 s, as the process occurred
much more quickly. This required the full FOV to be reduced
to 0.12x0.21 mm. Despite the higher frame rate, bubbles
and surface undulations were never observed here. How-
ever, the breakup process of the burning droplets was highly
reproducible, with their outer surface layer initially disinte-
grating violently into small secondary droplets. This was
also found by Li et al. (Li et al. 2020), but the images here
show that the disruption happens at several distinct locations
that may partially merge, but not on the entire surface at the
same time. At 2.08 ps, the droplet surface begins rupturing
at the top which is followed by the ejection of many small
fragments to various sides in the subsequent images. The
sudden surface breakup causes instabilities, and the droplet
deforms and oscillates from 29.16 ps onward. Later in this
sequence — we selected a frame at 104.15 us — the flame
luminosity increases, with the droplet remaining barely visi-
ble as the defocused darker region in the center of the image.

We conclude that small bubbles nucleate and expand rap-
idly in the surface layer of the droplet. In thermogravimetric
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Fig.7 Disruption of a xylene droplet containing 0.25 mol/l Sn-EH.
Neither the formation of gas bubbles nor surface undulations is
observed

analysis of the Sn-EH/xylene solutions, it was found that
xylene preferentially evaporates between 303 and 438 K.
Above this temperature, the precursor begins to decompose
until both 2-ethylhexanoate groups are removed at 748 K
(Li et al. 2020). The remaining Sn-containing material then
contributes to the viscous shell. Inner parts of the shell are
thought to provide sites for heterogeneous vapor-phase
nucleation (Li et al. 2020), which may be why we see mate-
rial locally ejected out of the surface layer of the droplet.
Also, greater supersaturation than for INN at the droplet
surface, due to less available precipitates for heterogeneous
nucleation, may result in such fast phase transitions and thus
droplet disruption.

3.3 Flame luminosity

Figure 8 shows images acquired in a sequence without
illumination (LED off) of a burning droplet containing
0.5 mol/l INN. The frame rate has been reduced to 50 kHz
to increase the FOV and to allow a longer exposure time of
18 ps to detect flame luminosity at its lowest intensities. At
0 ps, a spherical droplet with weak flame luminosity is vis-
ible. At 20 ps undulations appear at the top of the droplet
surface, associated with the initiation of a puffing event. Two
bright streaks (indicated by the arrow) appear on the right
of the puffing droplet, propagating away from it and becom-
ing even brighter at 40 ps. The length of the streaks and
the exposure time indicates a velocity of about 5 m/s. The
streaks are between 1-2 pixels (1.8-3.6 um) wide, but this is
near the resolution of the optics and the underlying luminous

Fig.8 LED-off-sequence showing puffing and combustion of an
EtOH/EHA droplet containing 0.5 mol/l INN. The greyscale has been
adjusted for each image to compensate for the increase in brightness
with time. The bright spot at the top of the droplet is a reflection of
the hot ignition coil. The streaks marked by the arrows are discussed
in the text. These droplets had an initial size of 95 pm

source may be significantly smaller than a single pixel. Thus,
the nature of these streaks is not entirely clear. They may
be incandescence from particles emerging from the droplet
or condensing from the gas phase, as probably observed in
Fig. 5. But, they could also show sub-micrometer droplets
or viscous shell fragments.

From 40 to 100 ps, the droplet continues puffing. The
ejected material combusts. The resulting sudden increase in
luminosity is consistent with previous single-droplet experi-
ments (Li 2021; Witte and Midler 2023).

The sequence of events seen in Fig. 8 is typical for the
LED-off flame visualization with 0.5 mol/l INN. In all
sequences we visually identified first changes in the drop-
let morphology, followed by bright streaks near the drop-
let (though often not as sharply focused as in Fig. 8), and
rapid, circumferentially non-uniform increase in the flame
luminosity.

4 Conclusions

Diffuse back illumination was used to visualize the interior
of burning sub-100 pm diameter single droplets doped with
nanoparticle precursors. A microscope collected the trans-
mitted light and imaged the droplet shadowgraphs onto the
sensor of a high-speed camera. The diffuse trans-illumina-
tion allowed collecting signal from almost the entire appar-
ent cross section of the droplet such that we can see phase
boundaries as intensity contrast within the droplet.

The precursors iron(III) nitrate nonahydrate (INN), a
metal salt, and tin(II) 2-ethylhexanoate (Sn-EH), a liquid,
were used. INN was dissolved in a mixture of ethanol
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(EtOH) and 2-ethylhexanoic acid (EHA). Sn-EH was
dissolved in xylene. While precursor-free EtOH/EHA
droplets are known to simply evaporate according to the
d?-law (Witte and Midler 2023), precursor-laden droplets
undergo local or global breakup, known as ‘puffing’ and
‘micro-explosion’, respectively.

In these experiments, all droplets experienced at least
one disruption that happened along several distinct but
partially intersecting pathways. INN-laden droplets show
undulations on the surface of the burning droplet and gas
bubbles inside it, preceding puffing and micro-explosion.
The undulation on the droplet surface is interpreted as the
formation of a ‘viscous’ shell, generated by the accumu-
lation of low-volatility components, i.e., decomposition
products and precipitates from the precursor, throughout
droplet evaporation. The occurrence of a micro-explosion
was always linked to a single visible gas bubble forming
inside the droplet, remaining at constant size for several
hundred microseconds, eventually expanding, and bursting
the droplet. On the other hand, a visible bubble does not
necessarily lead to a micro-explosion.

With increasing INN concentration in the droplets, the
disruption mode shifted from micro-explosion to puffing.
Thus, the fraction of droplets with a visible gas bubble
drastically decreases. 50% of the droplets, containing
0.1 mol/l INN were micro-exploding and puffing, while at
0.5 mol/l nearly 100% of the droplets were puffing only.
At 0.1 and 0.2 mol/l INN, 70% of the droplets show undu-
lations on the surface before disruption while only 2%
show this at 0.5 mol/l INN. This may indicate an increas-
ing rigidity of the shell. A more viscous shell may also
explain the near zero likelihood for micro-explosion at
high INN concentration, as bubbles nucleating near the
surface are prevented from being transported toward the
droplet’s interior.

Images of droplets containing high INN concentration
show bright streaks or small spots after a disruption. At
1 to 2 um width, they are near the resolution limit of the
experiment, which limits what may be concluded on their
nature. Possibilities include tiny burning droplets, burning
fragments of a particle-rich viscous shell, or incandescent
nanoparticles originating from the droplet, the shell, or the
surrounding gas phase.

Sn-EH-laden droplets only show one kind of disruption
behavior, at least for the single precursor concentration
considered here. The disruption process itself is much more
rapid than with the INN-solutions with the droplet surface
subsequently bursting at various surface sites, which may
appear to be a micro-explosion at lower frame rates. While
the underlying physical reason for the observed differences
is not fully clear, for both systems the disruption process
may be influenced by inherently stochastic factors such as
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instabilities in the proposed surface shell and the position
of bubble nuclei.
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